CD28 is a primary costimulation molecule for T cell activation. However, during the course of activation some T cells lose this molecule and assume a CD28-independent existence. These CD28 − T cells are generally antigen-experienced and highly differentiated. CD28 − T cells are functionally heterogeneous. Their characteristics vary largely on the context in which they are found and range from having enhanced cytotoxic abilities to promoting immune regulation. Thus, CD28 loss appears to be more of a marker for advanced differentiation regardless of the cytotoxic or regulatory function being conducted by the T cell. CD28 − T cells are now being recognized as playing significant roles in several human diseases. Various functional CD28 − populations have been characterized in inflammatory conditions, infections, and cancers. Of note, the recent introduction of costimulation blockade-based therapies, particularly those that inhibit CD28-B7 interactions, has made CD28 loss particularly relevant for solid organ transplantation. Certain CD28 − T cell populations seem to promote allograft tolerance whereas others contribute to alloreactivity and costimulation blockade resistant rejection. Elucidating the interplay between these populations and characterizing the determinants of their ultimate function may have relevance for clinical risk stratification and personal determination of optimal post-transplant immune management.
Introduction
Lymphocyte activation has long been known to require antigen-dependent and antigenindependent cell surface signals. The foundations of this knowledge derive from the two signal models of Bretscher and Cohn, and Lafferty and Cunningham that gave rise to experiments in the 1980s defining antigen stimulation as signal 1 and antigen-independent costimulation as signal 2. In that context, CD28 was the first, and remains most extensively studied, costimulatory molecule. CD28 is constitutively expressed on naïve T cells. It has also been observed on the surface of plasma cells, neutrophils and eosinophils, though its function on these cells remains incompletely defined. For T cells, CD28 costimulation greatly enhances the response to antigen. It stabilizes the immune synapse, reduces the number of TCR-antigen engagements required to reach the cell's activation threshold, and in keeping with the fundamental postulates of the two-signal model, enables T cell activation and survival. CD28 engagement on CD4 T cells increases the T cell sensitivity to antigen receptors, greatly increases the cytokine production (mostly IL-2), and promotes cell survival through inducing expression of anti-apoptotic proteins including Bcl-XL.
Despite the importance of CD28 for lymphocyte activation and survival, some antigenexperienced T cells lose CD28, and subsequently can be re-activated without CD28 engagement. These CD28 − T cells have generally been characterized as antigen specific and terminally differentiated, and are often described as being memory T cells (TMs). Interestingly, loss of CD28 on lymphocytes appears to be reasonably conserved in higher mammalian species particularly in the context of apoptosis. 1 As humans age and consequently augment their antigen experience, they accumulate CD28 − T cells, mostly within the CD8 subset. These cells have decreased antigen receptor diversity, compromised antigen-induced proliferation, and are limited by a shorter replicative lifespan, though they exhibit enhanced cytotoxic and regulatory functions. These characteristics may contribute to the immune incompetence in the elderly, as manifested by susceptibility to latent viral reactivation, and compromised responses to novel pathogens, cancer cells, and vaccines. 2 Importantly, CD28 loss is becoming an increasingly scrutinized topic in the context of solid organ transplantation, particularly in the advent of costimulation blockade therapies. Belatacept, a fusion protein that inhibits CD28-B7 interaction, has proven to be a reasonable alternative to calcineurin-inhibitor-based therapy, but has increasingly been recognized to be ineffective in a sizeable minority of kidney transplant patients. 3 An emerging theory around this so-called costimulation blockade-resistant rejection (CoBRR) is that patients accumulate CD28 − T cells through repeated antigen stimulation, and that these cells become indifferent to the effects of belatacept and define a lymphocyte population most capable of conferring CoBRR. Indeed, it has been recently shown that belatacept's immunosuppressive effect, in contrast to that of tacrolimus, weakens with increasingly matured effector cells. 4 Although costimulation blockade-based immunotherapies boast superior side effect profiles compared to calcineurin inhibitor-based therapies, 3 overcoming the CoBRR hurdle is critical to their generalized use. This review will focus on CD28 loss in humans unless otherwise noted. CD28 loss is poorly characterized in mice, but it is a major feature defining TEMs in nonhuman primates (NHPs).
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CD28 − Cellular Immunology
Loss of CD28 expression in T cells
CD8+ T cells play a central role in the recognition and clearance of intracellular pathogens.
Memory CD8+ T cells are generated in smaller quantities, and are maintained chronically for defense against subsequent exposures to the same antigens, enabling a faster and more vigorous response. Repeated antigen stimulations induce progressive reduction in CD28 expression on the surface of CD8+ T cells, eventually generating a population of highly antigen-experienced CD8+CD28 − T cells with shortened telomeres. 2 When considering an initial antigen exposure, CD28 clearly helps insure that CD8 T cell responses are initiated solely in the proper context, that being when antigen is being presented by a B7-expressing antigen presenting cell (APC) that has been activated through innate signals of cell injury or pathogen presence. Properly presented antigen is deemed deleterious, and elicits an appropriate immune response culminating in the retention of a small population of CD8 TMs. Teleologically, survival after an antigen exposure suggests that the immune response was indeed appropriate, and subsequent responses to that antigen should, evolutionarily, also be appropriate, even before harm has been evoked. Thus, the requirement for costimulation might be considered an unnecessary redundancy delaying a protective anamnestic response. Hence, CD28 loss may be a means of TM learning that increases the efficiency of responses to common environmental antigens.
CD28 loss in CD4 T cells is less well characterized compared to that in CD8 T cells. CD4 + CD28 − T cells are much less common than CD8 + CD28 − T cells. They express less CD154, and thus are less capable of providing B cell help. 6 CD4 + CD28 − T cells have been shown to exhibit autoreactivity. These cells possess significant IFNγ cytoplasmic stores and express CD161, a tissue invasion molecule, suggesting that they may generally play a proinflammatory role. 2 Interestingly, although CD4 TEMs are mostly CD28 + in humans, there exists a significant CD28 − CD4 TEM population in NHPs. This difference likely contributed to the TeGenero clinical trial failure in 2006, where human volunteers experienced a massive CD4 TEM-mediated CD28 superagonist effect whereas the NHPs did not. 7 The precise molecular mechanism of CD28 downregulation is yet to be adequately described. 8 CD28 is regulated by a transcriptional initiator element (Inr) that, when disrupted, can lead to CD28 downregulation. Specifically, tumor-necrosis factor-α has been shown to be an Inr inhibitor. 6 Additionally, FasL has been shown to induce CD28 downregulation in Jurkat cells through transcription blockade, thus linking CD28 downregulation to apoptotic pathways. Further elucidation of the mechanisms mediating CD28 downregulation will be of particular value in understanding the impetus of CD28 loss.
Surface phenotype in CD28 − T cells
CD28 − T cells exhibit distinct surface expression profiles. In CD8 T cells, surface expression of CD57 (also referred to as HNK-1, Leu7, or L-2) increases with decreasing CD28 expression. 9 CD28 loss and increased CD57 expression have also been observed on CD4 T cells in the context of chronic immune activation. Interestingly, patients with costimulation blockade resistant rejection (CoBRR) may be more likely to have a CD28 − CD57 + CD4 surface phenotype. 10 Compared to naïve T cells, TMs express higher levels of CD2, CD11a, and CD44. Specifically, CD8 + TEMs with low CD28 express particularly high levels of the adhesion molecule CD2. This CD8 + CD2 hi CD28 − T cell population has been shown in alloreactivity assays to contain high numbers of cells with polyfunctional cytokine (IFNγ, TNF and IL-2) production and cytotoxic effector molecule (CD107a and granzyme B) expression. 11 Interestingly, CD8 + CD28 − T cells also express a number of NK-related receptors that include Killer Inhibitory Receptors (KIR) and NKG2D. 2 Both KIR and NKG2D are associated with TCR-independent cytotoxicity in CD8 + CD28 − T cells, suggesting that CD8 + CD28 − T cell subsets may contribute to innate immunity. Thus, the surface phenotype of CD28 − T cells suggests that they are cytotoxic, alloreactive, and may contribute to innate immunity. 
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Clinical relevance of CD28 − T cells CD28 − T cells in human physiology
CD28 loss has been associated with many physiologic clinical findings in humans. Normal aging is directly correlated with the oligoclonal accumulation of CD8 + CD28 − T cells. 2 This is presumably driven by the cumulative exposure to persistent antigens. 6 , 12 At birth, virtually all human T cells express CD28. In young adults, up to 20-30% of their CD8 T lymphocytes lose CD28 expression. In individuals over 80 years old, over 50-60% of their CD8 T cells lose CD28 expression. 13 Similar trends have been observed in CD4 T cells, though the effect is less drastic. It is thought that common chronic viral infections including human cytomegalovirus (CMV) and Epstein-Barr Virus (EBV) contribute to the CD8 + CD28 − T cell population expansion. 2 Since CD8 + CD28 − T cells are oligoclonal, their accumulation implies a concomitant restriction in the range of antigenic specificities within the CD8 T cell compartment. 14 
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consequently leads to an immune system compromised by limited antigenic diversity. Furthermore, age-related thymic involution and its related reduced output in naïve CD28+ T cells may also contribute to an aged and weakened immune phenotype. Young adults who have been thymectomized during early childhood for life-saving heart surgery exhibit a T cell profile that is strongly skewed towards oligoclonal memory cells. 15 Interestingly, these patients exhibited high levels of TMs with CD57 expression, a phenotype that is strongly associated with immune aging and CD28 loss. Finally, CD8 + CD28 − T cell expansion in the elderly has been correlated with a skewing towards the Th1 cytokines, resulting in an insufficient antibody response to influenza vaccination. 16 Taken together, the accumulation of antigen experience over time, along with age-related thymic involution contributes to the accumulation of CD28 − T cells, which has been associated with the immunocompromised profile of the elderly, as illustrated by insufficient immune response to novel pathogens, tumor cells and vaccines.
CD28 − CD8 T cells in human pathology
Much evidence suggests that CD8 + CD28 − T cells play a significant role in human pathology. Increased CD8 + CD28 − T cells have been associated with chronic viral infections including HIV, hepatitis C virus, and human parvovirus B19. 2 CD28 loss may also serve as a prognostic indicator for viral infections. Higher CD8 + CD28 − T cell populations in earlystage HIV infection is correlated with faster progression to the AIDS. Additionally, higher frequencies of CD8 + CD28 − T cells in HIV-infected women are associated with subclinical carotid artery disease. 2 Increased CD8 + CD28 − populations have also been observed in malignancies. Elevated levels of these cells were observed in both the tumor and the blood of patients with patients with solid and hematogenous tumors. 2 The role of CD28 − T cells in these settings appear to be heterogeneous. In melanoma patients, CD8 + CD28 − T cells express perforin, suggesting that they could contribute to the anti-tumor immune response. 17 In contrast, CD8 + CD28 − T cells from lung cancer patients express elevated FOXP3 and have been shown to play an immunoregulatory role in the antitumor response. 18 Tumor infiltrating CD8 + CD28 − T regulatory lymphocytes have also been implicated in inhibiting T cell proliferation and cytotoxic function in a number of other human cancers. 19 Thus, CD8 + CD28 − T cells exhibit both cytotoxic and immunoregulatory phenotypes that vary across different malignancies. While it is tempting to speculate that there is a causal association between these cells and cancer pathogenesis, it is also possible that the accumulation of CD28 − cells is an epiphenomenon, driven by repeated antigen exposure and its associated chronic inflammation that both gives rise to this T cell phenotype and independently predisposes patients to malignant cell transformation.
A similarly heterogeneous CD8 + CD28 − T cell phenotype is observed in autoimmune diseases. CD28 loss is associated with multiple sclerosis, type 1 diabetes, Graves' disease, ankylosing spondylitis, and rheumatoid arthritis. 2 There is evidence that there is increased CD8 + CD28 − T cell frequency in patients with Graves' disease and ankylosing spondylitis, and that these cells confer cytotoxicity and contribute to the autoimmune response. 20 , 21 In rheumatoid arthritis patients, clinical response to abatacept is associated with a concomitant decrease in CD8 + CD28 − T cells, further implicating these cells as contributors to the autoimmunity. Despite this, systemic lupus erythematosus patients were found to have reduced CD8 + CD28 − T cells, which suggests a potentially immunoregulatory function for these cells. 22 Importantly, regulatory CD8 + CD28 − T cells have been shown with adoptive transfer models to play an indispensable role in preventing autoimmune encephalomyelitis in mice. 23 Therefore, CD8 + CD28 − T cells may play either cytotoxic or immunoregulatory roles in autoimmune diseases.
CD4 + CD28 − T cells in human pathology
Like CD8 T cells, CD4 T cells also appear to associate with a number of human diseases, especially those affecting the vascular system. Increased CD4 + CD28 − T cells have been associated with unstable atherosclerotic, acute coronary events, and ischemic stroke. 2 These cells also serve as an independent predictor of mortality in chronic heart failure (CHF) patients. 24 CD4 + CD28 − T cells produce significant amounts of IFNγ and perforin, which is thought to promote atheromatous plaque destabilization. Mechanistically, the KIRs expressed on CD4 + CD28 − T cells have been implicated in contributing to this proinflammatory phenotype. 25 , 26 Interestingly, patients with end-stage renal disease suffer remarkably high risk for acute atherosclerotic vascular events shortly after kidney transplantation. 27 Traditional risk factors such as smoking, hypertension, and hypercholesterolemia insufficiently account for the magnitude of this risk. 28 -30 These patients have a significantly expanded CD4 + CD28 − T cell population that reach up to 50% of the total CD4 T cell population. 26 Perhaps certain immunosuppression regimens combined with the accumulation of CD4 + CD28 − T cells are responsible for the adverse cardiovascular outcomes observed in transplant patients.
Transplantation and CD28 − T cells
Role of CD8 + CD28 − T cells transplantation
Allogeneic solid organ transplants have been associated with oligoclonal expansion of CD8 + CD28 − T cells. 12 , 31 -33 These cells have been demonstrated to play a strong immunosuppressive role in the context of allograft rejection. A distinct population of antigen specific CD8 + CD28 − T cells can be generated in vitro by repeatedly stimulating human peripheral blood mononuclear cells with allogeneic or xenogeneic APCs. The resulting T suppressors (Ts) confer immunosuppression by inducing down-regulation of costimulatory molecules (CD80 and CD86) and up-regulation of inhibitor receptors (ILT3 and ILT4) in APCs. 34 -36 These Ts are also evident clinically. Elevated Ts levels in adult liver transplant patients have been associated with better graft function and reduced rejection rates. 31 Additionally, non-rejecting transplant patients were observed to have Ts that induced ILT3 expression and reduced CD80/86 expression on APCs whereas rejecting transplant patients had lower amounts of Ts in circulation that did not induce this tolerogenic APC profile. 36 -39 These findings suggest that there exists a CD8 + CD28 − T suppressor subset that confers immunosuppression and thus promotes allograft tolerance.
The relevance of these CD8 + CD28 − Ts cells extends further to the efficacy of alemtuzumab as an induction agent. CD8 T cells recover significantly faster than CD4 T cells after alemtuzumab induction, and initially comprise disproportionately of CD8 + CD28 − cells. 40 These CD8 + CD28 − T cells have been shown in vitro to suppress the proliferation of CD4 T cells, which are associated with allograft rejection. 41 , 42 Indeed in one study, alemtuzumabtreated patients with the lowest levels of CD8 + CD28 − T cells were associated with kidney allograft rejection. 40 An obstacle of induction therapy involves the presence of viral antigens. Lymphocyte repopulation in the presence of a persistent antigen may result in activation and exhaustion of the engaged T-cell clones, and ultimately in enhanced nonspecific alloimmunity. 43 Indeed, CMV contributes to T cell aging in patients with renal failure and has been associated with increased CD28 − TMs. 44 Despite these barriers, it has been recently demonstrated that combination therapy with alemtuzumab and belatacept can effectively maintain kidney allografts without steroids or CNIs. 45 Perhaps lymphocyte depletion results in a naïve skewed T cell repertoire that is most responsive to belatacept. These data together show that CD28 loss may confer differential susceptibility to induction agents. There is no evidence that these cells are absolutely resistant to any agent, but a modest differential susceptibility appears to change repertoire population in a clinically significant way.
Role of CD4 + CD28 − T cells transplantation
Despite the tolerance-inducing qualities of CD8 + CD28 − T cells, CD28 loss in CD4 T cells have been implicated in promoting immunosuppression resistance and allograft rejection. 41 , 42 The emergence of T cell costimulation blockade (CoB)-based immunosuppression therapies in solid organ transplantation has drawn much interest to CD28 expression on T cells. Belatacept, a B7-specific fusion protein, blocks CD28-B7 costimulation and prevents kidney allograft rejection with a superior side effect profile compared with CNI-based therapies (Benefit trial). However, it has been ineffective in a sizable minority of patients. It is thought that the antigen-experienced TMs that exhibit CD28 downregulation are the primary drivers of Belatacept resistant rejection (BRR).
Patients with BRR are more likely to have a CD4 + CD28 − CD57 + surface phenotype, a phenomenon that is not observed in patients treated with traditional calcineurin inhibitor therapies (Espinosa 2014, unpublished) . 46 Additionally, it has been shown that proliferation of CD4 + CD28 − T cells reactive with renal tubular epithelial cells (RTECs) is resistant to tacrolimus and everolimus, which suggests a potential CD28 − T cell mediated mechanism for organ rejection under standard immunosuppression therapy. 47 In summary, CD8 + CD28 − T cells appear to promote immunoregulation and CD4 + CD28 − T cells appear to confer cytotoxicity in the context of transplantation. However, given the observation of independent immunoregulatory and immunogenic subsets within CD4s and CD8s in malignancies and autoimmune conditions, it is more likely that a similar paradigm exists for CD28 loss in transplantation. In other words, both CD4 and CD8 T cells consist of heterogeneous CD28 − subsets that contribute both to immunosuppression and immunoreactivity in transplantation (Figure 1 ). Indeed it has been shown in vitro that a specific CD8 + CD28 − CD2 hi T cell population is both highly alloreactive and resistant to belatacept. 11 The ultimate phenotype is driven by which subsets predominate. Perhaps once an antigen specific cell is deemed useful in a regulatory or cytotoxic context, it can lose CD28 and subsequently only require TCR engagement for activation. In any event, a more comprehensive understanding of this phenomenon will be critical to developing more finetuned immunosuppression therapies. Appropriately, many novel methods of targeting CD28 in the context of transplantation are currently being investigated. 48 
Concluding Remarks
Though it is tempting to generalize the functional consequences of CD28 loss in T cells, it is becoming apparent that different CD28 − T cell populations exhibit variable phenotypes in different human conditions, including transplantation. A heterogeneous mix of immunoregulatory and cytotoxic CD28 − T cells has been delineated in solid organ transplant patients. The drivers that ultimately push the phenotype one way or another remain to be fully elucidated. Interestingly, CD28 − T cells also appear to exhibit different susceptibilities to induction therapies, which may change the T cell repertoire in clinically meaningful ways.
One would be remiss to assume that loss of CD28 on T cells does not result in the activation of compensatory costimulation pathways. In fact, multiple such pathways have been already suggested in CD28 − T cells. 49 -51 Finally, there exists the possibility that CD28 − T cells may just be residual cells from prior antigen exposures that do not offer any unique clonotypes, and thus are largely dispensable. 14 In any event, achieving a higher resolution of understanding in this interplay of costimulation and coinhibitory pathways in the context of CD28 loss will play an immense role in therapeutic development for many human diseases. Both CD4 and CD8 T cells can downregulate surface CD28 expression through both physiologic and pathologic pathways. These CD28 − T cells may ultimately acquire cytotoxic or immunosuppressive phenotypes. (A) Specifically in CD8 T cells, CD28 − FOXP3 T cells confer immunosuppression via APC modification. CD57+ CD28 − T cells have been associated with resistance to belatacept. CD2hiCD57+CD28 − T cells produce multiple cytotoxic cytokines, and KIR and NK2D receptors suggest potential for TCR-independent innate immune activity. (B) In CD4 T cells, loss of CD154 precludes B cell help, resulting in incompetent antibody response.6 CD57+ CD28 − T cells have been associated with resistance to belatacept, and CD161 and KIR are associated with inflammation and TCRindependent immune activity, respectively. The ultimate fate of transplanted allografts may depend on the interplay between these cytotoxic and immunoregulatory CD28− T cell subsets.
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